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PARAMETERS OF A POSSIBLE FRC ADIABATIC COMPRESSION EXPERIMENT
M. Tuszewskl and R. E. Siemon

Los Alamos National Laboratory, Los Alamos, NM 87545

1. Introduciion: we describe here a preliminary analysis of an experiment that
would address the following research goals for field-reversed configurations
(FRC).

(a) test FRC stability with a number of ion gyroradii relative to the plasma
radius substantially greater then in present experiments.

(b) increase the electron temperature sufficiently to test the physics of
electron energy confinement and of trapped-flux losses.

(¢) improve confinement while remaining in = density regime (n < 5x1013
cm'3) most likely to be relevant to fusion power production.

Taking the basic constraint of laws of adiabvatic compression1, we consider
parameters of a three-stage device: a source, a compression region, and a
confinement region. An FRC 4is formed at low energy in the source (state 1),
translated into the compression region (state 2), adiabatically ocompressed to
high energy (state 3), and translated again into the confinement region (state
4). 1In section 2, we define a final state sufticient to address the above
goals, and calculate the required sizes and bank energies of the source and of
the compression region. In sectiorn 3, we present a particular set of parameters
based on a source with present high voltage technology. In section 4, we
discuss some of the issues involved in developing FRC formation techniques with
lower voltages than in present sources.

2. Lalculations; State 4 can be defined by maximizing the parameter
- I frdr/rspi whi~h measures FRC magnetization and atabilityz. For typical FRC
profiles, 9 can be approximated by stls, whare S is the commonly used ratio
R/pio and xg Js the ratio of separatrix radius r_, to flux conserver radius r..
Since S scrles as r_vn, (ny is the maximum density ), § scalgs as ”cng—ﬁ' xs
indicated iu goal (c), we limit ourselves to n, = 5x101% om™J., We choose a
maximum value of 0.8 for Xy to prevent plasma contact with the wall. We also
choose r, = 17.5 cm becausa 1t is the magimum value ocompatible with the
conf'inement region of the FRX-C/T experiment® (this confinement region could be
adequate [or the experiment described here). With these oholces, one calculutes
8 =171, a value about 3 times larger than the largest values obtained so
farzvﬁ, so that goal (a) can indeed be met. In addition, by choosing a minimum
temperature T = Tg = Ty = 500 eV, this state 4§ could meet gouls (b) and (¢), as
will be shown in section 2.

The final state just defined is now used to find the raquired sizes and bank
energlaeas of the jource and of the compression region. We assume that all states
are related tu each other by adiabutic reversable processes, For typical FRC

pressure prof‘.i.les1 neglecting directiona! energy (viz, FRC at rest), the
adiabatic laws ars

ls -~ x1 098"0|7r0-u' T -~ x-2-680!3r—1.6' nH -~ x-3|96-0|3r-2-“ (1)

where L, is the length of the separatrix, x = Xg, r = r,, and B = 1-x?/2. Using
Eq. (1) requires that the FRC confinement times in uli statss be substantially

larger than the times (in the range 50 to 100 us) necessary to translate or
compres. the FRC,
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Figure 1 shows (a) the coil radius r,, and (b) the bank energy Eq of the
source, that are obtained from Eq. (1) as }unctions of x and T1. E is
estimated as nwa (BO+B1)2rﬁ£1/2uo, where a4 18 an efficiency factor taken as 2
(the present FRX-& value). The coil length l, and the separatrix length 2,4 are
taken as 8r, and 5ry, respectively. The initial hias field B, is computed by
assuming that 10% of the initial bias flux is retained in state ?, a percentage
representative“ of FRX-C. One observes from Fig. 1 that both r, and E, are
strong decreasing functions of x,, particularly in the range 0.4 to 0.6. This
suggests the strong desirability of formation techniques that can maximize x,.
This observation is also relevant to the compression region, as seen with Fig. 2
where '(a) r,, and (b) E, are shown as functions of x4 and Ty. Fig. 2 is
obtained by using Eq. (1), by assuming translations (1+2 and 3+4) at constant
plasma pressure, and by teking X, = 0.8. E, is estimated as uaz(Bg—B?)rﬁlz/Zuo,
with £, = 232 and oy = 1.5. It is important to note that the values of E, in
Fig. 2 are signigicantly smaller than the values Eé that would be required to
compress the FRC inside the source, for given initial and final magnetic fields.
The ratio EL/E; = aqr %4/apr8%, is typically in the range 3 to 4 for the
following reasons:

(i) Translation to a maximum value of X, allows an optimum volume
utilization. With &, = L9 and 1, = ., translation at constant pressure
implies ri21/r222 ~ry/rp > 1. 1In addition, one always has £, > 244 and one can
have an effective value of £, that is less than &g, by using several independent
banks tc compress over a length that decreases in %ime together with £_,

(ii) The bank efficiency in the compression region is likely to ge better
than in the source (u1/a > 1). This is mostly because the source is fed by
several banks in parallel. fn addition, translation allows a separation between
the lower-vcltage technology of the compression region and the technology of the
source which is likely to be more complicated. This separation is attractive in
itself, and may also contribute to a higher value of 01/a2.
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3. An _example: Figures 1 and 2 clearly show the sensitivity ¢f the sizes and
bank energies to the values of x, and T,. The actual values of x, and T. depend
on the particular formation technique that is used. As will be discussed in
section M4, one can estimate with reasonable confidence x, and T, at the present
time only for FRC sources that involve high voltage technology. Therefore, we
present in Table 1 a set of parameters for such a source.

Iable 71: Plasma parameters based on a source with high voltage technology
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(a) 7420.15(rg/10)2(1/100)¥/2, (b) nvz=Bytg, (e) E,=3NT, N=(2/3)wrlignys

Steinhauer's formution code® is used to define the plasma puraceters of state 1 in
Table 1. The source is extrapolated from FRX-C, with r, = 70 cm. a tube radius
of 56 cm, 11 = 5 m, and is four-fed with 45 KV techno ogy. The values of VR
T1, B1, and X4 in Table 1 are very similar to those obtaingd at 5 naTorr fill
pressure on FRX-C with a fraction of the main bank This gives us some
confidence that the plasma parameters of state 1 in Table 1 can indeed be
achieved (in particular Xy = 0.55). One saliulates B, ~ 0. 8 KG and E1 ~ 1 MJ.
The compressicn region has r, ~ 3% cnm, 6 w, and E, ~ 3 MJ.

The par{icle confinement times 1, given fn Table 1 are calculated with an analytical
formula based on Lower=Hybrid resistivity. These ocalculated values of T, are
found to be within 30% of those obtained with earlier numerical work The
energy confinement times t; are taken as tuw/2, to account fo: energy lossgs
thermal conduction and radiation in about the same proportion as found® in
FRX=-C. The trapped-flux confinement times 1, are also extrapolated f'rom FRX-C
data, assuming a classical dependence Tt 2Tg’ . An electron, tempsrature of
540 eV is about 3 times larger tgan preaently achievedu and should be
sufficient to meet goal (b). The adiabatic compression has the advantage of
heating ions and electrons equally, thus facilitating the studies of this goal.
If larger temparatures are desired, one can choowve to further compress the FRC
at the expense of confinement. For example, with E, ~ § MJ, one can ohtain
X3z 0.39, T3 = 1 Ke', nyy = 1016 om™3, and By = 30 KG. “We note from Table 1
that the vAlues of 15 &nd 1, are auffioiengly large to Jjustify the neglect of
losses of trapped-flux and of “nergy. The ratio 1/1, is smaller than unity fer
eaoch state, whioch 1is required9 to oaloulate the values of 1, and 1y with a
steady-state model, The Rlasma is much less oollisional in all states than in
the 20 mTorr FRX-C ocases One observes from Table 1 that the translstion into
the confinement region providos valuea of g and nT1p that are greater lhe) those
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of state 3 by factors of 2.5 rnd 2, respectively. This Justifies the last
translation 1into a region whure dc magnetic field also eliminates the need for
an efficient crowbar switch in the compression region. The final values of
Tg = 0.8 ms, n1g = 2.6x10!2 cw™3, and nTtg = 1,3x10!2 cn™KeVs are larger than
tEe best present values™ by about one order of magnitude, thereby fulfilling
goal (c).

Y. Sources with lower voltage technology: We now consider FRC sources with a
more attractive technology than the one in Table 1. A pocsible source would be
a Slow theta»ninch1° for which resistive heating provides most of the required
plasma temperature, Assuming for example a voltage of 32 KV around a 70 cm coil
radius, the ratio 1./ (formation/Alfvén times) is about 7, which is
intermediate between the source of Table 1 (1,./t, ~ 1) and ultimate slow sources
('rf/-re >> 1). Steinhauer's model”® was used to investigate FRC formation in such
an intermediate source, with 32 KV around the coil. Although resistive heating
proved adequate for ry = 10 cm, this heating process was found to rapidly becnme
insufficient as r, was increased to 70 cm. This is because resistive heating 1s
tied to the drift parameter v,/v, (at the fieid null) in Steinhauer's model, as
is appropriate if dissipation comes from microinstabilities. As ry 1increases,
vd/vi decreases and resistive heating also decreases, Further theoretical ani
experimental work 1is needed to find whether resistive heating may arise
independently of the drift parameter, and to find how much heating can be
expected from other processes such as axial compression. In particular, the
scf ilng of such a source with respect to size appears a key lssue,

Ultimate slow sources (e.g. the rotating magnetic field technique and the coaxial
source; have already been considered11, but the plasma physics involved in the
formation process is not yet sufficlently understood. Therefore, there is an
insufficient theoretical and experimental data base to allow us at the present
time to obtair a self-consistent set of plasma parameters fcr an example such as
the one of Table 1,
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